Stable Optical Phase Modulation with Micromirrors 
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We measure the motional fluctuations of a micromechanical mirror using a Michelson in- 
terferometer, and demonstrate its interferometric stability. The position stability of the 
micromirror is dominated by the thermal mechanical noise of the structure. With this level 
of stability we utilize the micromirror to realize an ideal optical phase modulator by simply 
reflecting light off the mirror and modulating its position. The resonant frequency of the 
modulator can be tuned by applying a voltage between the mirror and an underlying elec- 
trode. Full modulation depth of ±7r is achieved when the mirror resonantly excited with a 
sinusoidal voltage at an amplitude of IIV. 

OCIS codes: 230.4685, 230.4040, 120.5060 



Micromirrors fabricated using micro- 
electromechanical systems (MEMS) technology are 
well suited to steer a potentially large number of 
laser beams. MEMS systems are used in all-optical 
switching [l][2], scanning projection displays ^|4j, and 
optical addressing of quantum information processing 
systems [5]|6]. Compared to traditional beam steering 
techniques such as acousto-optic (AO) and electro-optic 
(EO) deflectors [7}|9], MEMS-based approaches typically 
consume much less actuation energy and device volume 
per beam. These advantages make scalable systems 
capable of simultaneously steering a large number 
of beams possible. In many applications in quantum 
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Fig. 1. Schematic of the measurement setup, (a) Scan- 
ning electron micrograph of a MEMS mirror, (b) MEMS 
mirror stability measurement setup using a Michelson 
interferometer, (c) Shifting the reflection point on the 
MEMS mirror for sensitivity in the tilting mode. 



information processing with atoms, the optical phases 
of the multiple beams addressing the atomic qubits 
have to be maintained 10 . In this paper, we present 
a characterization of the pointing and phase stability 
of MEMS mirrors and show that carefully designed 
mirrors can easily achieve interferometric stability. In 
addition, such a mirror can be used to realize an ideal 
optical phase modulator. 

We consider a micromirror consisting of a circular 
polysilicon mirror plate tethered to anchors with two 
torsional springs [Fig. [ija)] [n]. The MEMS structure 
is fabricated using Sandia's SUMMIT V MEMS foundry 
process, where alternating layers of polysilicon (struc- 
tural and routing layers) and silicon dioxide (Si02: sac- 
riflcial layers) are used to form the devices. At the end of 
the fabrication process, the Si02 is selectively removed 
to enable free motion of the polysilicon structural layers. 
The released mirror is electrostatically actuated by ap- 
plying a voltage between the grounded mirror plate and 
the underlying electrodes. The mirror structure features 
several mechanical modes of vibration with the lowest 
resonant frequencies belonging to the tilting and sagging 
modes. The behavior of these modes can be captured us- 
ing a damped harmonic oscillator model: 
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where and z are the variables describing the tilt angle 
and vertical sag of the mirror plate, respectively. Vari- 
ables / (M), De {D^), Hi {K), C{0, z), V and F^(^) denote 
the rotational inertia (mass) of the mirror plate, damping 
coefficient for the tilting (sagging) mode, torsional stiff- 
ness (spring constant) of the torsional springs, capaci- 
tance between the mirror plate and the underlying actua- 
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tion electrode, applied voltage between the electrode and 
the mirror plate and other driving forces for the tilting 
(sagging) mode, respectively. The mirror features a tilt- 
ing (sagging) resonance in the 9 direction at wq = 
{z direction at Wz = \/2K/M). Modes with higher res- 
onant frequencies exist that involve higher-order distor- 
tion of the mirror plate. The dominant damping mech- 
anism for the mirror motion is squeeze film damping by 
the air between the mirror plate and the substrate 
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For optimal beam steering performance, the mirror is 
designed to feature near critical damping for the tilt mo- 



tion at atmospheric pressures 11, 13 . The damping can 
be reduced by either placing the mirror in vacuum, or 
by modifying the device design to provide smaller mir- 
ror radius and larger gap between the mirror and the 
substrate. 

We measured the pointing stability of this MEMS mir- 
ror in a Michelson interferometer, as shown in Fig. [TJb). 
A single mode, A = 780 nm wavelength laser is directed 
to a 50/50 beam splitter. Half of the light is sent to- 
ward the MEMS device in the sample arm of the inter- 
ferometer and the other half onto a standard mirror in 
the reference arm. The light in the sample arm is fo- 
cused by a 50 mm focal length lens to a beam waist 
of 15 /im at the MEMS mirror. The MEMS mirror has 
a radius of R = 130 fim and resonant frequency of 
we/27r = 140 kHz for the tiling mode (^^/27r = 258 kHz 
for sagging mode). It is housed inside a vacuum cham- 
ber to control the damping. Light in the reference arm 
of the interferometer travels through a second 50 mm 
focal length lens before reflecting off the standard fiat 
mirror. The standard mirror is mounted on a kinematic 
mount with a piezoelectric actuator to tune the optical 
path length difference of the interferometer. Light from 
the two arms recombines on the beam splitter before a 
final lens focuses it onto a photodetector. The optical 
power at the detector, assuming no losses, follows the 
standard interference equation where detected current 
Idet = loptl^ + cos{27rdopt/X + ^i)]/2, where lopt is the 
optical power used in the interferometer, dopt is the op- 
tical path length introduced by the micromirror motion, 
and 0i is the bias point of the interferometer determined 
by the position of the standard mirror [14^. The inter- 
ferometer is actively stabilized at = 7r/2 to maximize 
sensitivity. 

The sagging mode of the mirror changes the path 
length in the sample arm by slightly shifting the reflec- 
tion plane along the direction of propagation. The tilting 
motion induces a tilt in the sample arm beam path, and 
does not lead to an optical path length change in the 
interferometer. A path length change using the tilting 
mode is realized by aligning the beam to reflect off the 
mirror a distance ri ~ 0.7 5 R away from the axis of ro- 
tation [Fig. [TJc)], leading to dopt = 2ri0. 

Figure |2] shows the noise spectrum of the interferome- 
ter output, corresponding to the phase noise arising from 
the motion of the micromirror. The two curves corre- 
spond to operating the mirror in a background pres- 




Fig. 2. Interferometer output representing the position 
noise spectrum of a micromirror at a pressure of 5 Torr 
(Q ^ 40) and 760 Torr (Q ^ 1) with OV bias voltage. 
The dotted line shows shot noise level corresponding to 
laser intensity fluctuations. Mode shape corresponding 
to the five peaks (A - E) are shown by a color plot of 
maximum displacement. The inset shows tuning of tiling 
mode resonant frequency as a function of bias voltage. 



sure of ~ 5 and 760 Torr with a corresponding qual- 
ity factor Q = ^/2kJ/Do ^ 40 and 1 for the primary 
tilting mode, respectively. The photocurrent from the 
detector is converted to a voltage signal using a tran- 
simpedance amplifier with tranimpedance gain of Rf = 2 
kOhms. The detected photocurrent of Iph = 0.6mA cor- 
responds to a shot noise level of y^2qT^Rf 
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(dashed line). This shot noise value describes the funda- 
mental sensitivity of the interferometer's ability to detect 
a phase shift with a noise level of ~ 5 x 10~^ rad/V^Hz. 

Fluctuations in micromirror position is primar- 
ily driven by thermal mechanical noise force [15] 
with (frequency-independent) power spectral density of 
^e{z)^^) ~ ^^bTDq(^z)' III this expression, ^6>(2) is the 
Fourier transform of the driving force Fq(^z)i is the 
Boltzmann constant, and T is the operating temperature 
of the mirror. The position of the mirror responds to this 
driving force according to Eq. ([T]) and ([2|. The peaks in 
Fig. |2] show the resulting position noise corresponding to 
five lowest normal modes of the micromirror (labeled A - 
E, the maximum displacement of the mode shown at the 
bottom). When integrated over the full spectrum, ther- 
mal noise from each mechanical mode will correspond to 
an equivalent energy of /cbT/2 due to equipartition the- 
orem. From the torsional stiffness of 2a>: = 1.7 x 10~^Nm 
(spring constant of 2K = 1.4 x lO^N/m) extracted from 
the resonant frequency, the integrated RMS tilt angle 
(position) noise from main tilting mode is ~ 5 x 10~^rad 
(~ 1.7pm for sagging mode). Converting the tilt angle 
noise to interferometer output using the respective Q 
values, the size of noise peaks A in Fig. [2] is consistent 
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with this estimate within a factor of 2. From this anal- 
ysis, we conclude that the total intrinsic noise from the 
micromirror contributing to the RMS phase noise of the 
optical field is less than 10~^ rad. 

When a DC bias voltage is applied between the mirror 
and underlying electrode, the resonance frequency of the 
mechanical oscillator shifts to a lower value. The inset in 
Fig. [2] illustrates this effect known as electrostatic soft- 
ening for the tilting mode. This mechanism can be used 
to tune the resonant frequency of a given mechanical 
oscillator. 

The demonstrated stability of the mirror suggests that 
the resonant modes of the micromirrors can be utilized to 
modulate the phase of an optical field at radio frequency 
(RF) with low additional phase noise. The depth of mod- 
ulation for a micromirror driven at mechanical resonance 
is amplified by the quality factor Q, enabling significant 
modulation with only modest driving voltages. Further- 
more, the resonant frequency of the micromirror can be 
tuned using electrostatic softening. We characterized the 
optical phase modulation properties with the Michel- 
son interferometer [Fig. [ijb)] using the sagging mode at 
258kHz and refiecting the laser beam at the center of the 
micromirror. When the optical path length difference is 
modulated by (/3A/27r) sincjt, the detected current I^et 
is given by 



Idet CX 1 + COs((/)^ + /^Sincjt) = 1 + Jq{P) cos 

+ 2{ J2(/3) COS 2ujt ^ J^iP) cos 4.ujt H } cos 

— 2{Ji{P) sin ujt + JsiP) sin 3ujt + • • • } sin cj)., 
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In the experiment, we set = 7r/2 to suppress all even 
order modulation sidebands. Due to quadratic depen- 
dence on the applied voltage shown in Eq. [2j we use a RF 
voltage at frequency //2 to induce a phase modulation 
at frequency /. Depth of the optical path length modu- 
lation is proportional to the square of the amplitude of 
the driving RF voltage Vd-, so we let /3 = s • v'^ to define 
the proportionality constant s. Figure [s]^ a) shows a spec- 
trum of the interferometer output when the micromirror 
is driven with RF voltage amplitude of Vd = lOV. The 
even order modulation sidebands are suppressed, and the 
relative peak heights of the odd order modulation side- 
bands can be determined. By fitting the peak heights 
of first order modulation sideband to A - Ji{s ■ v'^) as a 
function of Vd, we obtained s = 0.025 ± 0.0005/V^ 

We plot the peak heights of each odd order modu- 
lation sideband as a function of the RF voltage ampli- 
tude in Fig. [sj^b). The DC components corresponding to 
Jo{s-v'^^p) are measured by scanning from to tt/ 2 for 
each RF amplitude, and fit using the s value obtained 
from first order modulation sidebands. The amplitude 
of Jo values have to be normalized since the DC and 
AC current are measured using different transimpedance 
gain in our circuit. The data fit well to Bessel functions 
with a single scaling parameter s up to fifth order. A DC 
voltage of 135V is necessary to induce a phase shift of 
TT for the 780 nm laser for this mirror, but a smaller RF 
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Fig. 3. (a) Spectrum of interferometer output for a given 
modulation amplitude of a sagging mode at / =258 kHz. 
(b) Normalized spectrum peak heights as a function of 
RF voltage amplitude. Bessel functions of different or- 
ders Jn{s • v'^^p) are plotted using a single fitting pa- 
rameter s = 0.025 /V^ (lines), while the measured DC 
values (circles) and peak heights are shown with squares 
(/), diamonds (3/), and triangles (5/). 



voltage amplitude of Vamp ^ H V is sufficient to gen- 
erate phase oscillation between ±7r when a mechanical 
resonance is utilized. 

Phase modulation based on reflection off a micromir- 
ror works over a broad wavelength range, and is insensi- 
tive to polarization, power of the incoming light and po- 
tential thermal drifts from driving RF power. Using mi- 
cromirrors with higher resonant frequencies, higher mod- 
ulation frequencies can be achieved than by using macro- 
scopic mirrors 16 . A large array of such micromirror- 
based phase modulators can be fabricated in a single chip 
in the case where a scalable solution is desired. 

In this work, we showed that micromirrors can be used 
to construct beam steering devices with interferometric 
phase stability and ideal phase modulators. The authors 
would like to thank F. P. Lu at AQT for help with the 
micromirrors. This work was supported by ARO, office 
of the Director of National Intelligence, and Intelligence 
Advanced Research Projects Activity. 
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